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157 NM LASER SYSTEM AND METHOD FOR MULTI-LAYER 
SEMICONDUCTOR FAILURE ANALYSIS 



This application claims the benefit of priority to U.S. provisional patent application 
no. 60/172,674, filed December 20, 1999, entitled: 157 NM LASER TOOL FOR IC 
FAILURE ANALYSIS. 
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FIELD OF THE INVENTION 

The present invention relates to failure analysis of integrated circuits (IC's) or other 
multi-layer solid state devices, and more particularly to the removal of protective 
(passivation) layers to expose and diagnose underlying circuitry. 

15 

BACKGROUND OF INVENTION 

During the development process of new multi-layer semiconductor devices, such as 
integrated circuit devices (IC's), many times the completed IC fails to operate properly. In 
such a case, the protective (passivation) layer that covers the underlying circuit(s) must be 
20 removed. Once exposed, the circuits are analyzed to determine which portion of the circuit 
was not properly formed (e.g. unwanted electrical short or open circuit). It is important to 
carefully remove the passivation layer in such a manner that the underlying circuits are not 
damaged. 

Argon Ion, Xenon, Yag and Excimer lasers have been used in IC failure analysis to 
25 remove passivation layers. These lasers produce infrared, visible and ultraviolet light that is 
absorbed by the material used to form the passivation layer. This material is etched 
(evaporated) away by the laser output with sufficient precision in both location and depth as 
to expose the underlying circuits without damaging them. 

One problem with using a laser system to etch IC materials is that each laser 
30 wavelength is ideal for different materials used to form the IC. Therefore, multiple laser 
wavelengths and systems may be needed depending upon the particular types of materials 
that are to be etched away. 

Recently, Si02 has become a preferred material used to form the passivation layer. 
Unfortunately, Si0 2 is transparent to the infrared, visible and ultraviolet light produced by 
35 Ion, Yag and Excimer layers. Instead of etching the Si02 material, the laser energy from 



these systems is transmitted through the passivation layer and causes direct damage to the 
underlying circuitry. Therefore, those performing failure analysis on IC's using SiC>2 have 
used focused ion beams to etch away the SiC>2, where a beam of ions is generated and focused 
onto the passivation layer. 
5 There are several drawbacks in using focused ion beams in IC failure analysis. First, 

systems that produce focused ion beams are expensive and cumbersome to use. Second, it 
takes a relatively long time for the focused ion beam to etch the proper amount of material 
from the Si0 2 layer. Third, and most importantly, the ion beam etch process cannot be 
optically monitored in the same manner as the laser etching process. With laser etching, the 

10 laser beam location and etch process can be optically monitored with an off or on axis camera 
to ensure the proper amount of material is removed. With ion beam etching, the circuits must 
be mapped in advanced, and the ion beam directed to the protective layer over the circuits 
based upon such mapping. 

There is a need for a system that accurately and precisely etches Sid material from 

15 IC's without damaging the underlying circuits, while providing optical monitoring of the etch 
process. There is also a need for such a system to etch practically all types of materials used 
in modern integrated circuits, without having to swap laser systems or laser wavelengths. 

SUMMARY OF THE INVENTION 

20 The present invention solves the above mentioned problems by providing a laser 

system and method that utilizes the higher energy 157 nm line from a molecular fluorine (F 2 ) 
laser to etch and machine IC materials, namely SiC>2. The higher energy 157 nm wavelength 
is strongly absorbed by Si02 and therefore can selectively remove the Si0 2 layer without 
detrimentally affecting the metal conductors below. 

25 The invention also provides visible red 718 nm radiation from the F 2 laser which 

travels through upper SiOi protective layer(s) to machine materials found in lower layers of 
the IC without disturbing the protective layer(s). 

The present invention is a method of performing failure analysis upon a multi-layer 
semiconductor device. The method comprises the steps of exciting a gain medium containing 

30 molecular fluorine and disposed in a resonant cavity to generate an output beam having a 
wavelength around 157 nm, and directing the output beam onto a multi-layer semiconductor 
device to selectively etch away material therefrom. 
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In another aspect of the present invention, a failure analysis system includes a 
resonant cavity, a gain medium containing molecular fluorine and disposed in the resonant 
cavity, a power supply for exciting the gain medium to generate an output beam having a 
wavelength around 157 nm, and an imaging system that directs the output beam onto a multi- 
5 layer semiconductor device to selectively etch away material therefrom. 

In yet another aspect of the present invention, the method of performing failure 
analysis upon a multi-layer semiconductor device includes the steps of exciting a gain 
medium containing molecular fluorine and disposed in a resonant cavity to generate an output 
beam having a wavelength around 1 57 nm, and directing the output beam onto a multi-layer 
1 0 semiconductor device that includes an integrated circuit covered by a passivation layer, 
wherein a portion of the passivation layer is etched away by the output beam to expose the 
integrated circuit. 

In still one further aspect of the present invention, a method of etching a passivation 
layer formed on a semiconductor substrate using a beam of radiation having a wavelength of 
15 157 nm generated from a molecular fluorine laser comprises the steps of directing the beam 
of 157 nm radiation towards the passivation layer, and selectively removing a portion of the 
passivation layer using the directed beam. 

BRIEF DESCRIPTION OF THE DRAWINGS 

20 Fig. 1 schematically illustrates a molecular fluorine laser system in accord with a 

preferred embodiment. 

Fig. 2 is a side view of the F 2 laser and imaging system of the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

25 Referring to Fig. 1 , a molecular fluorine laser system for deep ultraviolet (DUV) or 

vacuum ultraviolet (VUV) etching, is schematically shown. The system generally includes a 
laser chamber 2 having a pair or several pairs of main discharge electrodes 3 connected with 
a solid-state pulser module 4, and a gas handling module 6. The solid-state pulser module 4 
is powered by a high voltage power supply 8. The laser chamber 2 is surrounded by optics 

30 module 10 and optics module 12, forming a resonator. The optics modules 10 and 12 are 
controlled by an optics control module 14. 

A computer 1 6 for laser control receives various inputs and controls various operating 
parameters of the system. A diagnostic module 18 receives and measures various parameters 

3 



of the main output beam 20 via a beam splitter module 21 that deflects a small portion 22 of 
the main beam 20 toward the diagnostic module 18. The main output beam 20 is preferably 
the laser output to an imaging system and ultimately to a workpiece. The laser control 
computer 16 communicates through an interface 24 with a stepper/scanner computer 26 and 
5 other control units 28. 

The laser chamber 2 contains a laser gas mixture and includes a pair (or several pairs) 
of main discharge electrodes 3 and one or more preionization electrodes (not shown). 
Preferred main electrodes 3 are described at U.S. patent applications no. 09/453,670, 
60/184,705 and 09/453,670, each of which is assigned to the same assignee as the present 

10 application and is hereby incorporated by reference. Other electrode configurations are set 
forth at U.S. patents no. 5,729,565 and 4,860,300, each of which is assigned to the same 
assignee, and alternative embodiments are set forth at U.S. patents no. 4,691,322, 5,535,233 
and 5,557,629, all of which are hereby incorporated by reference. The laser chamber 2 also 
includes a preionization arrangement (not shown). Preferred preionization units are set forth 

15 at U.S. patent applications no. 09/692,265, 09/532,276, 09/535,276 and 09/247,887, each of 
which is assigned to the same assignee as the present application, and alternative 
embodiments are set forth at U.S. patents no. 5,337,330, 5,818,865 and 5,991,324, all of the 
above patents and patent applications being hereby incorporated by reference. 

The solid-state pulser module 14 and high voltage power supply 8 supply electrical 

20 energy in compressed electrical pulses to the preionization and main electrodes 3 within the 
laser chamber 2 to energize the gas mixture. The preferred pulser module and high voltage 
power supply is described at U.S. patent no. 6,020,723, and alternative embodiments are 
described at United States patent applications no. 60/149,392, 60/198,058, 60/204,095, and 
09/390,146, and U.S. patent no. 6,005,880, each of which is assigned to the same assignee as 

25 the present application and which is hereby incorporated by reference into the present 

application. Other alternative pulser modules are described at U.S. patents no. 5,982,800, 
5,982,795, 5,940,421, 5,914,974, 5,949,806, 5,936,988, 6,028,872 and 5,729,562, each of 
which is hereby incorporated by reference. A conventional pulser module may generate 
electrical pulses in excess of 3 Joules of electrical power (see the '988 patent, mentioned 

30 above). 

The laser chamber 2 is sealed by windows transparent to the wavelength(s) of the 
emitted laser radiation beam 20. The windows may be Brewster windows or may be aligned 
at another angle to the optical path of the resonating beam. The beam path between the laser 



chamber and each of the optics modules 10 and 12 is sealed by enclosures 17 and 19, and the 
interiors of the enclosures are substantially free of water vapor, oxygen, hydrocarbons, 
fluorocarbons and the like which otherwise strongly absorb VUV laser radiation. 

The output beam 20 impinges upon beam splitter module 21 which includes optics for 
5 deflecting a portion 22 of the output beam 20 to the diagnostic module 1 8, or otherwise 

allowing the small portion 22 of the outcoupled beam 20 to reach the diagnostic module 1 8, 
while a main beam portion 20 is allowed to continue as the output beam of the laser system. 
Preferred optics include a beamsplitter or otherwise partially reflecting surface optic. The 
optics may also include a mirror or beam splitter as a second reflecting optic. More than one 

10 beam splitter and/or high reflecting mirror(s), and/or dichroic mirror(s) may be used to direct 
portions of the beam to components of the diagnostic module 18. A holographic beam 
sampler, transmission grating, partially transmissive reflection diffraction grating, grism, 
prism or other refractive, dispersive and/or transmissive optic or optics may also be used to 
separate a small beam portion 22 from the main beam 20 for detection at the diagnostic 

1 5 module 1 8, while allowing most of the main beam 20 to reach an application process directly 
or via an imaging system. Alternately, the beam splitter module 21 can reflect the main beam 
20 while transmitting a small beam portion 22 to the diagnostic module 18. The portion of 
the outcoupled beam which continues past the beam splitter module 21 is the output beam 20 
of the laser, which propagates toward an industrial or experimental application such as an 

20 imaging system and workpiece for photolithographic applications. 

Purge/vacuum tubes 23 seal the beam path of the beams 22 and 20 to keep the beam 
paths free of photoabsorbing species. Smaller enclosures 17 and 19 seal the beam path 
between the chamber 2 and the optics modules 10 and 12. The preferred purge/vacuum seal 
enclosure 23 and beam splitting module 21 are described in detail in the 09/343,333, 

25 09/594,892 and 09/598,552 applications, incorporated by reference above, and in U.S. patent 
application no. 09/131,580, which is assigned to the same assignee and U.S. patents no. 
5,559,584, 5,221,823, 5,763,855, 5,811,753 and 4,616,908, all of which are hereby 
incorporated by reference. An inert gas purge is preferably flowing through the 
purge/vacuum seal enclosure 23. 

30 The diagnostic module 18 preferably includes at least one energy detector. This 

detector measures the total energy of the beam portion 22, which corresponds directly to the 
energy of the output beam 20. An optical configuration such as an optical attenuator, e.g., a 
plate or a coating, or other optics may be formed on or near the detector or beam splitter 



module 21 to control the intensity, spectral distribution and/or other parameters of the 
radiation impinging upon the detector (see U.S. patent applications no. 09/172,805, 
60/172,749, 60/166,952 and 60/178,620, each of which is assigned to the same assignee as 
the present application and is hereby incorporated by reference). 
5 One other component of the diagnostic module 18 is preferably a wavelength and/or 

bandwidth detection component such as a monitor etalon or grating spectrometer (see U.S. 
patent applications no. 09/416,344, 60/186,003, U.S. patent application serial no. not yet 
assigned, by Kleinschmidt entitled, "Temperature Compensation Method for Wavemeters, 
filed October 10, 2000, and 60/186,096, and 60/202,564, each of which is assigned to the 
10 same assignee as the present application, and U.S. patents no. 4,905,243, 5,978,391, 

5,450,207, 4,926,428, 5,748,346, 5,025,445, and 5,978,394, all of the above wavelength 
and/or bandwidth detection and monitoring components being hereby incorporated by 
reference). 

Other components of the diagnostic module 1 8 may include a pulse shape detector or 

15 ASE detector, such as are described at U.S. patent applications no. 09/484,818 and 

09/418,052, respectively, each of which is assigned to the same assignee as the present 
application and is hereby incorporated by reference, such as for gas control and/or output 
beam energy stabilization. There may be a beam alignment monitor, e.g., such as is 
described at U.S. patent no. 6,014,206 which is hereby incorporated by reference. 

20 The processor or control computer 16 receives and processes values of some of the 

pulse shape, energy, amplified spontaneous emission (ASE), energy stability, energy 
overshoot for burst mode operation, wavelength, spectral purity and/or bandwidth, among 
other input or output parameters of the laser system and output beam. The processor 16 also 
controls the power supply 8 and pulser module 4 to control the moving average pulse power 

25 or energy, such that the energy dose at points on the workpiece is stabilized around a desired 
value. In addition, the computer 16 controls the gas handling module 6 which includes gas 
supply valves connected to various gas sources. 

Gas injections, total pressure adjustments and gas replacement procedures are 
performed using the gas handling module 6, which preferably includes a vacuum pump, a 

30 valve network and one or more gas compartments. The gas handling module 6 receives gas 
via gas lines connected to gas containers, tanks, canisters and/or bottles. Preferred gas 
handling and/or replenishment procedures of the preferred embodiment, other than as 
specifically described herein, are described at U.S. patents no. 4,977,573 and 5,396,514 and 



U.S. patent applications no. 09/447,882, 09/418,052, 09/379,034, 60/171,717, and 
09/588,561, each of which is assigned to the same assignee as the present application, and 
U.S. patents no. 5,978,406, 6,014,398 and 6,028,880, all of which are hereby incorporated by 
reference. A Xe gas supply may be included either internal or external to the laser system 
5 according to the '025 application, mentioned above. 

The laser gas mixture is initially filled into the laser chamber 2 during new fills. The 
gas composition for the F 2 laser uses either helium, neon, or a mixture of helium and neon as 
a buffer gas. The concentration of fluorine in the buffer gas preferably ranges from 0.003% 
to around 1 .0%, and is preferably around 0.1%. The addition of a trace amount of xenon, 
1 0 and/or argon, and /or oxygen, and/or krypton and/or other gases may be used for increasing 
the energy stability, burst control, or output energy of the laser beam. The concentration of 
xenon, argon, oxygen, or krypton in the mixture may range from 0.0001% to 0.1%. Some 
alternative gas configurations including trace gas additives are set forth at U.S. patent 
application no. 09/513,025 and U.S. patent no. 6,157,662, each of which is assigned to the 
15 same assignee and is hereby incorporated by reference. 

Optics module 12 preferably includes means for outcoupling the beam 20, such as a 
partially reflective resonator reflector. The beam 20 may be otherwise outcoupled by an 
intraresonator beam splitter or partially reflecting surface of another optical element, and the 
optics module 12 would in this case include a highly reflective mirror. The optics control 
20 module 14 controls the optics modules 10 and 12 such as by receiving and interpreting 
signals from the processor 16, and initiating realignment or reconfiguration procedures. 

Fig. 2 illustrates the path of output beam 20 once it leaves the F 2 laser. Output beam 
20 travels through an attenuator 30, homogenizer 32, mask 34, beam turning mirror assembly 
36, and out through imaging objective 38 toward the workpiece 42 mounted on an X-Y-Z 
25 stage 43. These components are all attached together via purge/vacuum tubes 23 which form 
a purged beam path for output beam 20. 

Beam attenuator 30 is used to control the fiuence of the radiation onto the workpiece 
42 being evaluated. Some materials require a lower fiuence to effectively etch, while other 
materials need the highest fiuence possible. In addition, ablation rates vary as a function of 
30 fiuence and therefore selective removal can be enhanced for highest quality through beam 

attenuation. Beam attenuator 30 is preferably a single attenuating optical element 44 with an 
optical coating whereby the transmission through the optical element 44 varies as a function 
of the angle of incidence. An uncoated optic 46 matched with the coated optical element 44 



is included to compensate for beam walk-off as the coated optical element 44 is tilted to 
adjust attenuation of beam 20. In addition or alternatively, gas cells can be used to control 
the attenuation of the beam 20. For example, through careful control of the vacuum or purge 
of the enclosure tubes 23, trace amounts of a photoabsorbing gas can be injected along the 
5 path of beam 20 to absorb a predetermined amount of optical power. 

The initial output of the F 2 laser typically has a gaussian profile in the short axis and a 
pseudo top-hat profile in the longer axis. As a consequence, beam homogenizer 32 is 
introduced to convert output beam 20 to have a top-hat profile in both axes. Homoginizer 32 
preferably transmits a beam profile that has a top-hat by top-hat profile to at least better than 
10 ± 10%, which is considered suitable for uniform ablation for most materials. The 

homogenizer 32 includes a set of crossed cylindrical lenses, a pair of cylindrical lenses, a pair 
of bi-prisms, or any other equivalent optical scheme that breaks the initial output beam 20 
into multiple beamlets and then recombines them at the plane where the mask is located to 
have the desired profile. 

15 A beam homoginizer, however, is not always necessary. There are some applications 

where the majority of the laser's energy can be discarded because the feature being etched is 
very small, and thus the mask is efficiently illuminated by the center portion of the beam 
profile (i.e. the size of mask does necessitate more than 10% of the gaussian profile). For 
example, with an F2 laser with beam dimensions of 3mm by 7mm, the 3mm dimension 

20 represents the gaussian beam orientation. If the mask is 100 microns square, then 

illuminating the mask would result in only 3.3% of the gaussian profile being used. Thus, the 
central, highest peak energy and most uniform portion of the beam is used, and there would 
be no need for a homogenizer. 

The mask 34 can be any opaque substrate that contains a feature in which the 157 nm 

25 radiation can pass through. Typical IC failure analysis utilizes an adjustable slit, which 

allows square or rectangular features to be made. The masks could, however, be fixed and 
made out of metal shim stock, dielectric mirror, or metal on a quartz substrate with an etched 
pattern. 

The beam turning assembly 36 directs the main beam 20 down to the imaging 
30 objective 38. Preferably, the beam turning assembly 36 includes a beam turning mirror 48 

that reflects beam 20 from mask 34 down to imaging objective 38, while also allowing visible 
light to pass vertically so that a CCD camera 50 can be mounted co-linearly with the final 
beam trajectory to view the ablation work on the workpiece. Additionally, a reference or 



pilot laser could be used to illuminate the mask in such a way as to allow the user to shape the 
mask prior to removing material from the workpiece. The visible light would show up on the 
CCD camera 50 and be concentric with the 157 nm radiation. 

Imaging objective 38 represents the end of the purged/vacuum portion of the system. 
5 The imaging objective 38 includes an objective lens 52 that forms a vacuum tight seal with 
imaging objective 38, which is the final interface to the ambient air in which the workpiece is 
placed. All components along the beam line (path of output beam 20 from the output of the 
F2 laser to the objective lens 52, including the enclosure tubes 23) form a beam path 
enclosure that must provide an inert gas or vacuum environment in order for the 157 nm 

10 radiation to propagate from the laser to the workpiece (subject to allowing a little absorptive 
gas in for attenuation as explained above). A purge nozzle 54 is attached on the end of the 
imaging objective 38 to flow nitrogen, argon, helium or any inert gas that does not absorb the 
157 nm radiation. The gas purge is necessary to constantly displace the ambient oxygen, 
water vapor and hydrocarbons in the air between the objective lens 52 and the workpiece. 

15 The amount of purge necessary is dependent upon the distance between objective 38 and 
workpiece 42. A few PSI of purge gas is usually enough over a working distance of a few 
millimeters. Alternately, if the components along the beam path are purged, purge nozzle 54 
could be eliminated, and the purge gas from the beam enclosure could flow past the objective 
lens 52 and toward the workpiece 42. 

20 The F2 laser images the mask onto the workpiece with an energy density sufficient to 

remove selective layers from the workpiece. The workpiece 42 is any semiconductor device 
that comprises a plurality of layers of materials, where one or more top layers need to be 
removed to expose other layers underneath. For the preferred embodiment, the workpiece is 
an integrated circuit (IC) with a protective passivation layer (e.g. SiC^) covering circuitry 

25 formed in layers underneath the passivation layer. Selective material removal from the IC 
permits the evaluation of a circuitry for shorts and other defects. An in-line or off-axis 
observation system is included to aid in locating regions of a circuit and the ability to observe 
the material removal process. The 157 nm output is ideal for this type of work because very 
few materials are transparent to this vacuum ultraviolet wavelength. Further, the higher 

30 energy of this wavelength better and more accurately etches materials used to form 

semiconductor devices. As a consequence, this radiation can be used for practically all 
materials used to form semiconductor devices, and especially SiC>2 passivation layers. 
Further, the 157 nm radiation is absorbed within a very shallow depth (10s of nanometers). 



Thus, the depth of penetration and material removal can be very accurately dictated by the 
number of pulses incident upon the workpiece. Each pulse has a calculated effect on the 
etched material. With the preferred embodiment, 0.01 to 0.1 um of Si0 2 is etched away with 
each pulse, where each pulse includes 0.5 to 3 joules/cm . 
5 The preferred embodiment is further enhanced by utilizing both the molecular 

fluorine line (157 nm) and the atomic fluorine line (718 nm) of the F 2 laser system. A 
substantial amount of red light around 718 nm is produced by F 2 laser systems, whereby the 
red 718 nm light is usually filtered out from the main output beam. However, with the 
present invention, the red 718 nm light is useable for alignment purposes, or for passing 

1 0 through the passivation or other layers transparent to red visible light without destroying 

them, to treat or machine layers underneath these upper layer(s). Either both wavelengths are 
used simultaneously, or a filter downstream selectively filters out one of the wavelengths. 
For example, the visible red 718 nm radiation can be transmitted through Si0 2 to machine 
layers beneath the Si0 2 , without destroying the top Si0 2 layer. 

15 While exemplary drawings and specific embodiments of the present invention have 

been described and illustrated, it is to be understood that that the scope of the present 
invention is not to be limited to the particular embodiments discussed. Thus, the 
embodiments shall be regarded as illustrative rather than restrictive, and it should be 
understood that variations may be made in those embodiments by workers skilled in the arts 

20 without departing from the scope of the present invention as set forth in the claims that 

follow, and equivalents thereof. For example, the F 2 used with the present invention could be 
quite simplified compared to the laser system of Figure 1. Specifically, a scaled down, air- 
cooled, system with no energy monitor can be used to produced the 157 nm energy for 
desired IC material removal. 

25 In addition, in the method claims that follow, the operations have been ordered in 

selected typographical sequences. However, the sequences have been selected and so ordered 
for typographical convenience and are not intended to imply any particular order for 
performing the operations, except for those claims wherein a particular ordering of steps is 
expressly set forth or understood by one of ordinary skill in the art as being necessary. 
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